The numerous steps in protein gene expression are extensively coupled to one another through complex networks of physical and functional interactions. Indeed, >25 coupled reactions, often reciprocal, have been documented among such steps as transcription, capping, splicing, and polyadenylation. Coupling is usually not essential for gene expression, but instead enhances the rate and/or efficiency of reactions and, physiologically, may serve to increase the fidelity of gene expression. Despite numerous examples of coupling in gene expression, whether splicing enhances mRNA export still remains controversial. Although splicing was originally reported to promote export in both mammalian cells and Xenopus oocytes, it was subsequently concluded that this was not the case. These newer conclusions were surprising in light of the observations that the mRNA export machinery colocalizes with splicing factors in the nucleus and that splicing promotes recruitment of the export machinery to mRNA. We therefore reexamined the relationship between splicing and mRNA export in mammalian cells by using FISH, in combination with either transfection or nuclear microinjection of plasmid DNA. Together, these analyses indicate that both the kinetics and efficiency of mRNA export are enhanced 6-to 10-fold (depending on the construct) for spliced mRNAs relative to their cDNA counterparts. We conclude that splicing promotes mRNA export in mammalian cells and that the functional coupling between splicing and mRNA export is a conserved and general feature of gene expression in higher eukaryotes.
D
uring gene expression, pre-mRNA undergoes several processing steps in the nucleus, including capping, splicing, and polyadenylation, and the mature mRNA is then exported to the cytoplasm for translation. All of the steps in gene expression are carried out by distinct multicomponent machines, but it is now clear that there is extensive physical and functional coupling among them (1) .
Initial studies on the role of splicing in gene expression revealed that splicing of the simian virus 40 (SV40) intron was required for expression of late viral genes (2, 3) . Similarly, splicing was required for efficient ␤-globin expression from SV40 expression vectors (4, 5) . Since then, numerous studies have reported a splicing-dependent enhancement of gene expression for multiple genes (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Furthermore, this effect has been observed in Arabidopsis, Drosophila, maize cells, transgenic mice, and a variety of cell lines, indicating that it is a conserved and important feature of gene expression (7, 9, 11, 13, 15) . The specific mechanisms by which splicing promotes gene expression have also been extensively investigated, revealing that splicing affects several steps, including transcription, total mRNA levels, and 3Ј end processing (1, (16) (17) (18) (19) (20) . In addition, splicing enhances both translation and localization of mRNA (13, 14, 21) .
Although splicing has also been reported to promote mRNA export, this functional connection has been controversial. In early studies, Ryu and Mertz (18) used transfection of mammalian cells followed by biochemical fractionation of the nucleus and cytoplasm to show that SV40 mRNAs generated by splicing were efficiently exported to the cytoplasm, whereas their cDNA counterparts were largely retained in the nucleus. Subsequently, two studies (13, 14) used this approach but instead concluded that splicing is of little or no consequence for the nuclear export of most mRNAs. The issue was addressed again by Tokunaga et al. (22) who used microinjection of RNA into mammalian cell nuclei together with FISH to show that spliced mRNAs were efficiently exported, whereas the corresponding cDNA transcripts were largely degraded. In their study, Tokunaga et al. were unable to distinguish between nuclear retention of the cDNA transcripts followed by degradation or export of the cDNA transcripts followed by degradation in the cytoplasm. The relationship between splicing and mRNA export has also been addressed in Xenopus oocyte microinjection studies. One study (23) indicated that spliced mRNAs were exported more rapidly and efficiently than mRNAs generated from their cDNA counterparts, whereas other studies (24, 25) have led to the view that this is not the case.
In contrast to the conflicting reports on the functional relationship between splicing and mRNA export, biochemical and subcellular localization studies are less controversial and do support a role for splicing in mRNA export. In particular, the conserved TREX complex, which functions in mRNA export, colocalizes with the splicing machinery in nuclear speckle domains (24, 26, 27) . Moreover, the TREX complex, which contains the proteins Aly/REF and UAP56, and the multisubunit THO complex, is recruited to mRNA during the splicing reaction (27, 28) . Finally, splicing promotes efficient recruitment of the TREX complex to the 5Ј end of mRNA, which occurs via an interaction between the cap-binding protein CBP80 and Aly (28) . Although Aly and the rest of the TREX complex can be recruited to cDNA transcripts, this recruitment is less efficient than to spliced mRNA and is also cap-independent (28). Thus, it is possible that cDNA transcripts interact with the export machinery via nonspecific binding to the RNA. In addition, a recent study (29) reported that the nucleotide sequence that encodes the signal sequence coding region can function as a nuclear export signal for cDNA transcripts and spliced mRNAs.
In light of the clear connections between the machineries that function in splicing and mRNA export, we sought to reinvestigate whether splicing promotes mRNA export in mammalian cells. To address this question, DNA constructs containing or lacking introns were introduced into mammalian cell nuclei by transfection or microinjection. All constructs contained the CMV promoter and the BGH polyadenylation site. FISH was used to analyze the nucleocytoplasmic distribution of the mRNAs. Significantly, these data revealed that mRNAs generated by splicing were mostly cytoplasmic, whereas their cDNA counterparts were mostly nuclear. Moreover, these effects appear to be general, as we obtained similar results with three different genes and in both HeLa cells and SV40-transformed mouse embryonic fibroblasts (SV40-MEFs). Analysis of the total FISH fluorescence signal in our microinjection study revealed that the overall levels of spliced mRNA and cDNA transcript were similar, indicating that the difference in the nucleocytoplamic distribution of mRNAs is a consequence of splicing promoting mRNA export. We conclude that splicing enhances mRNA export in mammalian cells and that the functional coupling of these two steps is a conserved and general feature of gene expression in higher eukaryotes.
Results
Splicing Increases the Cytoplasmic-to-Nuclear (C/N) Ratio of mRNAs 6-to 10-Fold. During the last 30 years, the ␤-globin gene has been used extensively in gene expression studies (3-5, 13, 16, 17, 22, 24, 30-32) and was therefore used as our first model gene. To investigate the possibility that splicing promotes mRNA export in mammalian cells, HeLa cells were transiently transfected with ␤-globin DNA containing or lacking its natural introns (Fig. 1A) . Steady-state ␤-globin mRNAs were visualized 30 h posttransfection by FISH, with the same probe for both the cDNA transcript and spliced mRNA (Fig. 1B) . Quantitation of FISH images for 70 individual cells per construct revealed that the C/N ratio of the FISH signal was 5.44 for the spliced mRNA versus only 0.59 for the cDNA transcript (Fig. 1C) . Thus, spliced ␤-globin mRNA was largely cytoplasmic, whereas the cDNA transcript was mostly nuclear.
To investigate whether the effect of splicing on the nucleocytoplasmic distribution of mRNA was general, we transfected a Smad construct and two TPI-RL constructs, the latter of which were previously used to examine the effect of splicing on mRNA export (14) . The Smad construct contains three introns, and the TPI-RL constructs contain an intron either near the 5Ј end (TPI-RL5Ј) or near the 3Ј end (TPI-RL3Ј) of the gene ( Fig. 2 A and D). Consistent with our ␤-globin results, the FISH data showed that spliced Smad, TPI-RL5Ј and TPI-RL3Ј mRNAs were all largely cytoplasmic, whereas their cDNA counterparts were mostly nuclear ( Fig. 2 B 
, C, E, and F).
Together, the data with all of our constructs show that splicing enhances the C/N ratio of mRNA in the range of 6-to 10-fold, depending on the construct. Considering the direct association between the mRNA export machinery and the splicing machinery (see Introduction), a likely explanation for this enhancement is that splicing promotes efficient mRNA export. However, other possible reasons for the enhancement include differences in transcription, 3Ј end formation, and RNA degradation for the intron-containing versus intron-lacking constructs. Thus, we next carried out studies to address these possibilities.
Splicing-Dependent Differences in Nucleocytoplasmic Ratios of mRNAs
Are Not Caused by Differences in 3 End Formation. Previous work showed that splicing promotes efficient 3Ј end formation (13, 33, 34) . Additional studies indicated that defective 3Ј end formation results in retention of nascent transcripts at the site of transcription (32, 35) , raising this as a possible explanation for our data.
To address this possibility, we carried out RNase protection assays (RPAs) of total RNA from the transfected cells. As shown in Fig. 3A [and see supporting information (SI) Fig. 5 ], readthrough products were not detected for any of the cDNA transcripts or spliced mRNAs (␤-globin, Smad, TPI-RL). In the previous work in which cDNA transcripts were found to be defective in 3Ј end formation, the constructs contained a genomic polyadenylation signal (13, 34) . In our studies, we used the strong BGH polyadenylation signal (36) , which may explain why 3Ј end formation defects were not observed when this site was used in cDNA constructs. Together, the data indicate that defective 3Ј end formation is not a likely explanation for the splicing-dependent differences that we observed in nucleocytoplasmic distribution of mRNAs.
Another variable that could potentially affect the nucleocytoplasmic distribution of mRNAs is differential transcription and/or degradation of cDNA transcripts versus spliced mRNAs. Indeed, previous studies have shown that significantly greater levels of spliced mRNAs accumulate in transfected cells relative to the corresponding cDNA transcripts (refs. 14 and 15 and references therein). Consistent with this observation, our RPAs showed that levels of spliced mRNAs were approximately four to nine times greater (depending on the construct) than the corresponding cDNA transcripts (Fig. 3A and see SI Fig. 5 ). In contrast, the transfection control, a tagged serine tRNA, was present at the same levels in cells cotransfected with either the intron-lacking or intron-containing constructs (Fig. 3A and see SI Fig. 5 ). Additional studies are required to determine whether differential transcription and/or degradation accounts for the greater levels of spliced mRNAs in previous studies and in our work. For the purposes of the present study, we sought to determine whether the differences in mRNA levels of cDNA transcripts versus spliced mRNAs might have any bearing on the nucleocytoplasmic distribution of these mRNAs. To approach this question, we used a nuclear microinjection assay in combination with FISH, as described below. constructs into HeLa cell nuclei. After incubation for 15 min to allow transcription, ␣-amanitin was added to block further transcription, and the C/N ratios were determined after 1, 2, 3, or 4 h of continued incubation. Consistent with the transfection data ( Figs. 1 and 2) , the microinjection data show the same splicing-dependent enhancement of the C/N ratios for ␤-globin mRNA (Fig. 4A ) and Smad and TPI-RL mRNAs (SI Figs. 6A and 7A). Microinjection studies using SV40-MEF cells also revealed similar splicing-dependent enhancements of the C/N ratio for all of the mRNAs (SI Fig. 8) . We conclude that the splicing-dependent enhancement not only occurs in HeLa cells but also in SV40-MEFs, a cell type that more closely resembles a primary cell.
We next determined whether there was a difference in total mRNA levels in the microinjected HeLa cells by quantitating total fluorescence over the time course (Fig. 4 B and SI Figs. 6B  and 7B ). Significantly, these data showed similar levels of spliced mRNA and cDNA transcript throughout the time course, indicating no significant differences in transcription/degradation before ␣-amanitin was added and no difference in degradation after transcription was inhibited by ␣-amanitin. Thus, the microinjection data provide strong evidence that the splicingdependent enhancement of C/N ratios is caused by increased export efficiency of the spliced mRNAs, rather than any major transcription/degradation differences.
Finally, quantitation of the C/N ratios over the time course fits a linear model for both the cDNA transcripts and spliced mRNAs. Thus, the differences in C/N ratios are reflected as differences in the slopes of the lines. These data indicate that ␤-globin-spliced mRNA was exported significantly faster (four times) than the cDNA transcript (Fig. 4 A and C) . Similar results were obtained for Smad and TPI-RL, indicating that spliced Smad was exported about five times faster than its cDNA counterpart, and spliced TPI-RL5Ј and TPI-RL3Ј were exported faster (seven and six times, respectively) than the cDNA (see SI Figs. 6 and 7). We conclude that splicing enhances the kinetics of mRNA export in mammalian cells. Furthermore, we note that the export kinetics of TPI-RL5Ј and TPI-RL3Ј spliced mRNA, while faster than those of TPI-RL cDNA, are slower (three to five times) than those of ␤-globin-and Smad-spliced mRNAs. This difference in export kinetics could reflect a gene-specific difference in the rate of mRNA export.
Discussion
In this study, we have reinvestigated the debated issue regarding the role of splicing in promoting mRNA export. To do this, we used quantitative FISH analysis in combination with both transient transfection and nuclear microinjecion of DNA constructs containing or lacking introns. Multiple constructs were analyzed, and two different cell types were used. In all cases, our data showed that the ratio of C/N mRNA was enhanced in a splicingdependent manner, with the enhancement ranging between 6-and 10-fold depending on the construct. As previous studies showed that the conserved TREX export complex colocalizes with splicing factors in nuclear speckle domains and is recruited to the 5Ј end of mRNAs in a splicing-dependent manner during the splicing reaction (24, (26) (27) (28) , our data are most consistent with the conclusion that splicing promotes mRNA export. However, we also considered potential contributions from other steps in gene expression, including 3Ј end formation, transcription, and mRNA degradation. In previous studies, 3Ј end formation was found to be defective for cDNA transcripts, resulting in retention of mRNAs at the site of transcription (13, 32, 34, 35) . However, in our studies, we used the strong BGH polyadenylation signal (36) and did not detect any 3Ј end formation defects for any of our constructs, suggesting that this was not the reason for the splicing-dependent enhancement of the C/N ratio of our mRNAs. Consistent with previous work, we did observe significantly greater levels of spliced mRNAs relative to cDNA transcripts by using RPA analysis of transfected cells, raising the possibility that differential transcription and/or degradation could affect the C/N ratios. To address this possibility, we microinjected our DNA constructs, allowed transcription for an initial period, and then blocked further transcription with ␣-amanitin. We then determined the total FISH florescence signal. This analysis showed that both spliced mRNA and cDNA transcripts were present at similar levels throughout the time course, indicating no significant differences in transcription or degradation. Based on all of these observations, we conclude that the splicing-dependent enhancement of the C/N ratios of our mRNAs can be attributed to splicing promoting mRNA export. Moreover, of the low levels of cDNA transcripts that were exported, the kinetics were significantly slower than the corresponding spliced mRNAs.
A potentially contradictory observation that we made was that the level of spliced mRNA was greater than that of the cDNA transcript when the total population of transfected cells was measured by RPA (Fig. 3 ), yet the levels of these two mRNAs were similar when total FISH fluorescence was measured in the microinjection assay (Fig. 4B) . However, a likely reconciliation of these data comes from our observation that the total number of transfected/microinjected cells containing FISH signal was significantly lower for the cDNA transcripts compared with the spliced mRNAs (unpublished work). Thus, cDNA transcripts failed to accumulate to detectable levels in a subset of the cells, which in turn, resulted in the lower RPA signals for the cDNA transcripts. This lack of cDNA transcripts in a subset of cells may be a consequence of rapid degradation of cDNA transcripts and requires further investigation. Of importance for the present study, our data showed that of the subset of cells that did contain FISH signal for the cDNA transcripts, the levels of FISH signal were similar to those of spliced mRNAs. Taken together, the data lead to a model in which cDNA transcripts are degraded in a subset of cells, and those that escape this pathway are largely retained in the nucleus. Based on previous data (27, 28) , this nuclear retention most likely occurs because of inefficient recruitment of the mRNA export machinery to cDNA transcripts.
Our results with mRNA export in mammalian cells are consistent with our previous conclusions using the Xenopus oocyte export assay system (23) . Thus, we conclude that splicing and mRNA export are functionally coupled and that this coupling is a general and conserved feature of gene expression in higher eukaryotes. In addition, the intron-containing ␤-globin, Smad, and TPI-RL differ in their number of introns, but the spliced mRNAs are exported with similar efficiencies. These data indicate that splicing of a single intron is sufficient to promote mRNA export. In contrast to our conclusions and previous work (18, 37) , recent studies (13, 14) reported that splicing had no significant effect on mRNA export with TPI-RL and other constructs. However, we observed the effect of splicing with all of our constructs and their TPI-RL (14) . A possible reason for the discrepancy between our conclusion and the other studies (13, 14) is that we used FISH to directly visualize and quantitate the nucelocytoplasmic distribution of mRNAs rather than biochemical fractionation of the nucleus and cytoplasm. TPI-RL5Ј mRNA levels were also found to be higher than those of TPI-RL3Ј in the previous work (14) . We did not observe a significant difference between the levels of these mRNAs, and the reason for this difference is unknown.
Our results with splicing and export typify those of most coupled reactions. Specifically, coupling between different steps in gene expression is usually not essential, but instead enhances the rate/efficiency of the coupled reactions. For example, transcription can occur when uncoupled from splicing and vice versa. Likewise, polyadenylation can occur when uncoupled from splicing and the reverse is also true. Indeed, similar conclusions can be drawn for the Ͼ25 different coupled interactions that have been described so far. The physiological explanation for the rate/efficiency enhancement that occurs with coupling is that there is cross-talk between the different machineries involved in each of the reactions. The coupling between splicing and export provides one of the few examples in which this cross-talk has been characterized, as the export machinery has been shown to associate with the spliceosome, colocalize with it in the nucleus, and load onto the mRNA during the splicing reaction (24, 26, 27, 38) . Thus, the functional, biochemical, and cytological data all are consistent with the model that there is functional cross-talk between the splicing and mRNA export machineries, and this cross-talk results in a significant splicing-dependent enhancement of mRNA export. The magnitude of the enhancement varies from gene to gene, possibly providing a means for gene-specific regulation at this step in the gene expression pathway. HeLa cells were transiently transfected with 900 ng of ␤-globin WT or ␤-globin cDNA constructs and 900 ng of a transfection control plasmid, xpSER, which encodes the human tRNA SER gene with a tag at the 5Ј end. Total RNA was extracted 24 h after transfection and RPA was performed. Reactions in lanes 1 and 3 contained 250 ng of cellular RNA, and reactions in lanes 2 and 4 contained 1 g of cellular RNA. ␤-globin probe (24 fmol) and 2 fmol of xpSER probe were used. Lane 5 was carried out in the absence of target RNA. Lane 6 shows the probe in the absence of target RNA and RNase. (B) Graph of the fold difference in mRNA levels for each gene. mRNA levels were normalized to the levels of xpSER, and the ratio of mRNA generated from introncontaining genes to mRNA from intronless genes was calculated. Data represent the average of three experiments, and error bars indicate standard errors. 
